Natural gas-fueled combined cycle (NGCC) allows to reach the best performance among power plants fed by fossil fuels, but causes considerable CO2 emissions. With the aim of reducing greenhouse gases impact, NGCC could be integrated with post-combustion CO2 removal systems, typically based on chemical solvents like amines, that cause very large net efficiency penalties (about 9-12 percentage points at 90% overall CO2 capture). To reduce these high capture penalties, exhaust gas recirculation (EGR) has been studied. To further enhance the overall plant efficiency, the recovery of available low temperature heat from the solvent-based CO2 removal systems could be also performed. Low temperature heat is available in flue gas coolers (80-100°C), in the amine reboiler water cooling (130-140°C) and in the splitter condenser (100-130 °C). This waste thermal energy could be recovered by means of an Organic Rankine Cycle (ORC) that is able to convert heat into electricity efficiently even at comparably low temperatures. N-Butane was found to be as the most promising organic working fluid for the cycle operating temperatures and pressures. ORC produces additional electrical power improving the global performance of the power plant, for example, up to 1-1.5 percentage points in efficiency.
Introduction
Greenhouse gases emissions are largely increasing in the last decades leading to a carbon dioxide (CO2) concentration in the atmosphere over 400 ppm. Reductions in CO2 emissions from power plants fed by fossil fuels are expected to significantly contribute to the fulfillment of national and international greenhouse gas regulations, such as the Kyoto protocol and the European Union Emission Trading Scheme. In this framework Carbon Capture and Storage (CCS) is crucial to reduce CO2 emissions. In the IEA scenario for limiting the rise in global temperatures to 2-2.4 °C, CCS alone accounts for 19% of the total CO2 emissions reduction by 2050 [1] . Remaining 81% are due to energy system efficiency increase (38%), fuel switching (20%), renewable (17%) and nuclear (6%). Furthermore, natural gas-fired power plants are expected to contribute to about 30 % of the total installed power generation capacity equipped with CCS [1] .
Many studies, however, have shown that CO2 capture from power plants is both very capital-and energyintensive [2] [3] [4] [5] . For an example, integration of a postcombustion CO2 removal system with a natural gas-fueled combined cycle (NGCC) reduces the net plant efficiency of [8] [9] [10] [11] percentage points (at 90% overall CO2 capture) [6] [7] . In post-combustion capture, CO2 is absorbed from the stack gases using chemical solvents, typically a mixture of water and monoethanolamine (MEA). MEA is largely used, despite its high energy requirements in comparison to other amines, since it is one of the most proven and widespread technologies [8] [9] [10] [11] [12] , although in a medium-term perspective better options should become available. In a chemical absorption process, CO2 removal takes place in an absorber column, where CO2 reacts with the lean solvent to form a CO2-rich solvent. The process for CO2 removal requires a large amount of thermal energy, at about 140 °C, to desorb the CO2 from the rich-solvent. This thermal energy is obtained condensing steam extracted from the combined cycle. Steam extraction leads to a substantial power reduction in the steam cycle. Other sources of power reduction are the exhaust gas fans, solvent circulation pumps, and CO2 compression up to a pressure suitable for transport and storage, CO2 removal and pumping [4, [13] [14] . Significant R&D projects are dedicated to both the research of less expensive solvents as well as the development of more efficient capture and compression processes [15] [16] .
A first step that has been proposed for NGCC in order to reduce the high exhaust volumes and to increase the low CO2 concentration in the flue gas is the exhaust gas recirculation (EGR). EGR leads to a reduction of both specific energy demand of the separation process and costs associated with the capture unit [17] [18] [19] . Studies show that a percentage of exhaust gas recycled back to the GT ranging between 30 and 50% cause a small impact on the gas turbine turbomachinery components [20] . Efficiency losses are reduced by approximately 1% [21] [22] [23] and capital expenditure for the capture unit is reduced by 20-30% [24] . Combustion with the EGR environment has been shown to be feasible in existing dry low NOx burners [25] .
Despite the low attention that recovery of available low temperature waste heat from capture plants and related process equipment has gained in the past, this approach can allow one to further increase the overall plant efficiency. At first, low temperature heat is available in flue gas coolers, upstream of the CO2 capture unit, typically at a temperature in the range of 80-100°C. Further low-grade heat sources are located in the desorption column. The amine reboiler water cooling that could reach temperatures of up to 130-140°C and the stripper condenser, which operates at around 100-130 °C. Thermal energy of these various sources could be utilized in a system that is able to convert heat into electricity efficiently even at comparably low temperatures. This paper evaluates the performance impact of recovering low temperature heat with an Organic Rankine Cycle (ORC). By producing additional electrical power in the heat recovery system, the global performance of the power plant can be improved. This study indicates a theoretical entitlement of up to additional 1-1.5 percentage points in efficiency that could be gained by integrating ORC technology with a post-combustion capture system for natural gas combined cycles.
In this paper different ORC configurations have been considered for thermal energy recovery at various temperature levels from the above-mentioned sources. The study focuses on simultaneous low-grade heat recovery in a single ORC loop. Heat recovery options that are discussed include series, parallel or cascaded arrangements of heat exchangers. Different organic operating fluids, including carbon dioxide, R245fa, and N-butane were considered for the analysis. The ORC performance was evaluated for nbutane found as the most promising organic working fluid by a parametric study. Optimum cycle operating temperatures and pressures were identified to evaluate the most efficient approach for low temperature heat recovery.
Natural Gas Combined Cycle with CO2 Capture 2.1 Plant Configuration and Performance
The plant considered in this study is a medium-size (about 400 MWe) natural gas fired combined cycle plant based on a gas turbine integrated with a heat recovery steam generator (HRSG) and a triple pressure steam cycle. Figure  1 shows a simplified scheme of the NGCC plant. The NGCC was also studied in the more complex configuration considering a CO2 capture and compression system in the so-called NGCC-CCS plant. As mentioned, chemical absorption with amine-based solvents is currently considered the most suitable option for CO2 removal from flue gases. In the present study, despite its high energy requirement for the regeneration process, the CO2 removal system was based on a simple typical post-combustion capture system based on a 30 wt-% mixture of MEA and water. Figure 2 shows a simplified scheme of the CO2 capture section. Exhaust gas is cooled to 30-50 °C (C1) and enters into the absorption column (Absorber), where the CO2 is absorbed by the aqueous MEA solution flowing counter flow. The CO2-free gas (purified gas) is discharged from the top of the absorber and sent to the stack, while the CO2-rich solvent is withdrawn from the bottom and sent to the regeneration column, the so-called stripper (Desorber). The higher stripper temperature (about 100 °C) is obtained by cooling the CO2-lean solvent (HTX) and through a heat exchanger (H1). Inside the stripper a CO2-water vapor mixture is released from the CO2-rich solvent through the reboiler heat. In the upper section of the regeneration column a large fraction of steam condensates, whereas the CO2-rich flow is sent to the compression section. The CO2-lean solvent extracted from the bottom is cooled (HTX and C2) and recirculated back to the absorption column.
Downstream the CO2 removal section requirements for CO2 transport and storage are matched by means of a conditioning and compression section. In particular a pressure of 11 MPa and CO2 purity above 99.5% are requested. CO2 is compressed up to 8 MPa in gaseous phase through a three-stage intercooled compressor and then in liquid phase through a pump.
The power section performance and CO2 removal performance were evaluated through simulation models based on the commercial software packages GateCycle TM and HYSYS TM , respectively. The analysis is based on fundamental thermodynamic analyses in order to evaluate the general entitlement of heat recovery options based on ORC technology. It is important to note that it does not include a detailed site-specific capture plant analysis, or an engineering-or component-level design and feasibility analysis. These would be required next steps prior to an implementation of the suggested heat recovery options. Table 1 shows main operating parameters of the NGCC. Assuming a fuel chemical power input of 751.0 MW (corresponding to 15.01 kg/s of natural gas), the NGCC shows a net efficiency of 59.2% (LHV) and a plant net power of 444.6 MW. The CO2 emitted by the plant is equal to 336 g/kWh.
Lower performance is expected for the NGCC-CCS power plant. Main operating parameters of the CO2 removal section are given in Table 2 . 4.58 Figure 3 shows both plant net power and plant net efficiency of the NGCC-CCS as a function of CO2 removal rate. Different carbon dioxide removal efficiencies, in the range 0.7-0.9, were considered in this study. In fact, although 90% is the most common CO2 removal target, lower severe targets (down to 70%) were also considered to evaluate influence of CO2 removal efficiency on the overall performance since the reboiler heat requirement strongly depends on CO2 removal rate. 
Figure 3. NGCC-CCS Net Power and Net Efficiency as a Function of CO2 Removal Rate.
As expected Figure 3 shows that the introduction of the CO2 removal system remarkably reduces plant performance. Plant net power decreases to 385.5 MW assuming a CO2 removal of 70%, whereas it drops down to 357.0 MW for a CO2 removal of 90%. Consequently, net plant efficiency is reduced to 51.3% at 70% of CO2 removal and 47.5% at 90% CO2 removal. Globally the power reduction generated by the CO2 removal process is equal to 19.7%: 15.2% is due to the amine heat requirement, 2.4% to the CO2 compression train and 1.7% to the capture system electrical consumption. Figure 4 shows the amount of CO2 captured and emitted, electrical power and specific thermal energy required by the CO2 removal section, as a function of CO2 removal rate. Obviously, the amounts of CO2 captured and emitted are increased and decreased respectively, increasing the CO2 removal rate. At a CO2 removal rate of 0.90, the amount of CO2 captured is equal to 376.3 g/kWh, whereas the CO2 emitted is reduced to 41.8 g/kWh.
Electrical power requirements range between 6 and 7 MW, slightly increasing with CO2 removal rate, due to the larger power required by the solvent pump. Specific thermal energy required by the reboiler is about 3.75 MJ/kg assuming a CO2 removal rate equal to 0.7 and increases up to 4.6 MJ/kg for a CO2 removal rate equal to 0.9. Table 3 reports mass flow, temperature, pressure and gas composition of exhaust gas entering (❶ ) and exiting (❷ ) the absorber and of the CO2-rich flow (❸ ) leaving the removal section. 
Exhaust Gas Recirculation
Exhaust gas recirculation (EGR) has been developed mainly for oxy-fuel plants fed by coal, where exhaust gas is partially recycled back to the boiler in order to control flame temperature. EGR could be also applied to gas turbines and NGCC. In this option, exhaust gas is partially extracted at the exit of the HRSG, cooled down to nearambient temperature and sent back to the compressor of the gas turbine, where it is mixed with fresh ambient air [26] . Differently by oxy-coal plants, EGR penalizes combined cycle performance, in particular compressor performance. With respect to compressing ambient air, a higher temperature of the air-flue gas mixture entering the compressor and a higher heat capacity of the recirculated gas, which is more humid, are obtained [27] . On the contrary, in an NGCC with CO2 post-combustion capture, EGR has been proposed earlier in order to improve the capture efficiency and substantially reduce capture equipment costs [22, 27] . In fact EGR leads to a higher CO2 concentration in the flue gas and a reduced size of the CO2 capture unit. However, a greater CO2 partial pressure in the exhaust gas due to EGR reduces the energy requirements for the amine system, and enhances the performance of the power plant system. While a detailed evaluation of EGR from gas-fired power generation was beyond the scope of this paper, this general effect is illustrated in Figure 5 that shows both the net power plant and net plant efficiency as a function of the EGR ratio. EGR ratio is defined as the ratio between the exhaust gas recirculated back to the compressor and the total exhaust gas mass flow. Reducing cooling temperature enhances compressor performance; for this reason NGCC-CCS performance is calculated for two different exhaust gas cooling temperatures, 45°C and 30°C, which has been considered to be a practical lower limit for EGR cooling for economic considerations. Figure 5 shows that in both conditions the EGR enhances plant net efficiency. In particular an overall optimum in terms of net plant efficiency could be expected at EGR ratios between 0.3 and 0.4 for both gas cooling temperatures. Net efficiency increases up to 50.3% with gas cooling down to 30 °C. On the contrary, NGCC-CCS net power is just barely affected by EGR ratio in case of cooling temperature of 30°C, whereas EGR notably reduces plant net power assuming a cooling temperature of 45 °C.
Organic Rankine Cycle 3.1 Low Temperature Heat Sources
As mentioned before, low temperature heat rejected from power plants could be a potential energy source for enhancing plant performance. Differently from coal-fired plants, in combined cycles the use of recovered heat in condensate and/or feed water preheating to avoid extraction flows from the steam turbine is not a feasible option. Starting from this consideration the recovery of available low temperature heat from the solvent-based CO2 removal system has been considered for a further increase of the overall NGCC-CCS performance. In particular this paper examines the opportunity for recovering this low temperature heat by a bottoming Organic Rankine Cycle (ORC) [28] [29] .
Different sources of available low temperature heat from solvent-based CO2 removal systems can be theoretically used for heat recovery in an ORC. In general the following major low-grade heat sources can be identified: exhaust gas cooler, amine reboiler condensate cooling, stripper condenser, CO2 compressor intercoolers and lean solvent coolers.
Cooling down exhaust gas from a NGCC (for EGR and/or CO2 capture) leads to a discharge of a large amount of low temperature (80-100 °C) thermal energy. Besides a large amount of heat is also available from the amine-based post-combustion CO2 capture system. In particular potential heat sources are the stripper condenser (at 100-120 °C) and the amine reboiler condensate cooling (at about 130-140 °C). In the stripper condenser a mixture of CO2 and water vapor condensates making available for heat recovery at a variable temperature both sensible and latent heat. In a NGCC plant the saturated hot water (in the order of 4 bar and at up to 140 °C) exiting the reboiler unit is often reinjected to the main steam cycle. However extracting heat from the hot condensate for feeding the Organic Rankine Cycle (ORC) affects the steam cycle performance only in the case of condensate cooling temperature lower than 50°C.
Additional sensible heat could be recovered from CO2 compressor intercoolers, however the temperature of this available waste heat depends on the actual CO2 compressor chain configuration. As previously mentioned, the CO2 must be pressurized to at least 110 bar for transport and storage. At first, the CO2 compression process is carried out above the critical pressure (about 74 bar) in gaseous phase through a three-stage intercooled compressor and then in liquid phase through a pump. CO2 compressors are generally characterized by low pressure ratios in order to reduce CO2 compression work, although this does require a larger number of compression stages. Low compression ratios however are less suitable for heat recovery in an ORC, since the temperature level of waste heat from compressor intercoolers would be insufficient. Therefore heat recovery from the compressor intercoolers is not analyzed in this study. Furthermore, low temperature heat could be provided from cooling the lean CO2 solvent. Since generally this thermal energy is almost fully used to preheat the rich solvent coming from the absorption column, this potential heat source is also not included in this study.
ORC Configurations and Fluids
In this paper different ORC configurations have been studied to perform a simultaneous heat recovery from sources at different temperature. Studied configurations include in series, in parallel or cascaded layouts. In series or cascaded layouts are potentially simpler in design, but their application typically requires a notable temperature difference between the waste heat sources. In comparison, a parallel heat recovery layout comes with operational challenges related to controlling different and potentially fluctuating mass flow through each heat exchanger. Nonetheless, a parallel heat recovery layout allows for simultaneous heat recovery from different waste heat sources at similar temperature levels. Since waste heat sources at similar temperature are available in a postcombustion capture section from a NGCC, in this paper a parallel configuration of heat recovery has been chosen Depending on the temperature of the waste heat source, different suitable organic working fluids can be selected. For this specific application, three fluids were analyzed as potential ORC working fluids taking the operating conditions into account: carbon dioxide (CO2), N-Butane and penta-fluoro-propane (R245fa). Each fluid shows different properties and that could be matched with the available waste heat temperature levels by adjusting the cycle operating pressures. Table 4 shows the saturation pressure of carbon dioxide, N-Butane and R245fa as a function of temperature [30] . CO2 could be an interesting choice as organic working fluid, due to synergies in the fluid handling or safety infrastructure with the CO2 capture system, lower costs as organic fluid and a better match with the exhaust gas cooling curve, due to the lack of vaporization in the operating range under consideration. However, CO2 shows some disadvantages, in particular a higher pump work, which leads to a low plant performance, due to the supercritical conditions, and in general potentially higher equipment costs due to the very high operating pressure required. In fact CO2 condensation at 20°C takes place at 57 bar, whereas, at this temperature n-butane and R245fa both condensates at significantly lower pressures of 2.1 bar and 1.2 bar, respectively. For this reason in this study CO2 was not pursued as a working fluid. R245fa has similar characteristics as n-butane, but it performs slightly worse than n-butane. For this reason n-butane was selected as organic fluid for more detailed analysis in this paper [31] .
Results
As previously mentioned, in this study the ORC recovers waste heat simultaneously at slightly different temperature by using parallel waste heat exchanger arrangements. Due to the parallel flow configuration all heat exchangers operate at the same selected upper operating pressure of n-butane. In addition heat exchangers do not include superheating section, therefore N-Butane exits the evaporator at saturation conditions, with the highest operating temperature. As a consequence, the maximum pressure in the cycle is specified by saturation properties of n-butane. Table 5 lists the main characteristics of the Organic Rankine Cycle studied in this paper. A condenser pressure equal to 2.5 bar has been fixed for N-Butane, corresponding to a condensation temperature of 25 °C. Since waste heat sources are available at different temperatures, a sensitivity analysis has been carried out as a function of the maximum pressure of N-Butane in the ORC. A maximum ORC pressure ranging between 6 and 15 bar has been considered, that corresponds to a saturation temperature between 58 and 99 °C. A minimum temperature difference of 5°C has been assumed in the heat exchangers between the heat source and the organic working fluid.
A higher pressure of organic fluid leads to a higher evaporation temperature, reducing the amount of heat that can be recovered. On the other hand a higher pressure of organic fluid in the evaporator maximizes the turbine work, while additional required pump work to achieve the high pressure is comparably low. For these reasons the heat recovery can be optimized through a trade-off between key operating parameters. Figure 6 shows the waste heat recovered as a function of the ORC maximum pressure for a scenario with 30% EGR. The figure reports the total heat recovered and the heat recovered from each of the three different heat sources (exhaust gas, amine reboiler condensate cooling and stripper condenser) As mentioned above, an increase in the ORC maximum operating pressure reduces the overall waste heat recovery, and the single heat recovered, although not all the sources are impacted by a similar intensity. The amount of waste heat recovered from amine reboiler condensate cooling slightly decreases from 20.5 to 16.8 MW, increasing the maximum operating pressure from 6 bar to 12 bar. The waste heat recovered is not affected significantly by the maximum cycle pressure, due to the comparably high temperature (up to 140 °C) of the saturated water that exits the amine reboiler. Furthermore, an increase in the operating pressure results in a constant waste heat recovery from the stripper condenser (about 68 MW) until a maximum pressure of about 10.5 bar is reached. A higher pressure reduces the possible waste heat recovery from the condenser, which is assumed to have a water exit temperature slightly higher than 100 °C, since the pinch point minimum temperature difference is reached. A minimum amount of waste heat equal to 55.4 MW is recovered for an operating pressure of 12 bar. In contrast, waste heat recovery from exhaust gas cooling is possible only at very low evaporation pressures of n-butane. In particular the heat recovery would be 12.4 MW at 6 bar, while no waste heat recovery from exhaust gas cooling would be possible at maximum evaporation pressure higher than 8.3 bar. Figure 6 shows also the total amount of waste heat that potentially could be recovered by an Organic Rankine Cycle based on n-butane as a working fluid. This is about 101.1 MW at 6 bar operating pressure. A relatively moderate reduction in heat recovery takes place by increasing operating pressures up to 10.5 bar (84.1 MW), while at higher pressures a notable reduction of recovered heat can be noticed, mainly due to reductions in heat recovery from the stripper condenser. A minimum of 72.2 MW of waste heat is recovered at an operating pressure of 12 bar. Figure 9 shows the ORC net efficiency and the ORC net power as a function of ORC maximum pressure. In particular, Figure 9 shows the total ORC net power and the corresponding net power produced by ORC from each of the three different heat sources considered. Unlike waste heat recovery, ORC net efficiency increases with ORC maximum pressure. In particular, for a reference scenario based on 30% EGR fraction and a condenser pressure equal to 2.5 bar, cycle net efficiency increases from 7.1% (6 bar) to 11.8% (12 bar). As a consequence of this opposite trend, the net power generated by the ORC system is maximum at about 10.5 bar maximum operating pressure. The maximum net power that can be generated is slightly higher than 9.3 MW (about 2.6% of the reference NGCC-CCS power) at a total lowtemperature heat input of about 84 MW. Since the largest amount of waste heat is recovered from the stripper condenser, the main contribution to the net Organic Rankine Cycle power stems from this heat source. Also the maximum power generated by waste heat from stripper condenser is at about 10.5 bar.
The ORC performance has also been calculated as a function of EGR ratio. This analysis has been carried out having fixed the n-butane maximum pressure to 10.5 bar (corresponding to an evaporation temperature equal to 82 °C), in order to guarantee a maximized Organic Rankine Cycle net power output. As a consequence of this choice, only two waste heat sources have been taken into account: the amine reboiler condensate cooling and the stripper condenser. An increase of EGR ratio impacts negatively the Organic Rankine Cycle power. In fact an increasing EGR ratio reduces the exhaust gas mass flow entering the CO2 removal system and increases the CO2 concentration in the exhaust gas, and hence it reduces the capture energy penalties and consequently the waste heat available. Figure  10 shows both the ORC efficiency and power as a function of the EGR ratio. As expected, ORC net efficiency is not influenced by the EGR ratio, depending only on the cycle operating parameters. On the contrary, the ORC power reduces with increasing the EGR ratio. Without any exhaust gas recirculation the ORC could provide an extra power of 12.5 MW. Due to the lower waste heat recovery the ORC extra power is reduced increasing EGR, reaching 9.0 MW at an EGR fraction of 0.5.
Finally the potential impact of EGR and ORC on the total plant performance of the NGCC with post-combustion capture has been obtained. Figure 11 shows the net power and net efficiency of NGCC-CCS plant (with or without Organic Rankine Cycle integration) as a function of the EGR ratio. Differently from baseline plant results shown in Figures 3-5 , an absorber column temperature of 30°C has been considered in the CO2 removal section in order to match temperature of exhaust gas recirculated. In this way, better plant performance is obtained. As reported on Figure 5 , an increase in the exhaust gas recirculation slightly influences the NGCC-CCS net power. In fact, power is maximum at EGR ratio equal to 0.15, but NGCC-CCS net power is about 360 MW with an EGR ratio ranging between 0 and 0.5. NGCC-CCS net efficiency is more influenced by EGR ratio, varying between 48.2 and 49.3% for the same EGR ratio range. Figure 11 shows also the effect of integrating the Organic Rankine Cycle with the NGCC-CCS power plant in terms of net power and net efficiency. The integration of an Organic Rankine Cycle with the CO2 capture systems of an NGCC-CCS would allow to increase the plant net power of about 9-12 MW, depending on EGR ratio. The overall plant efficiency could be increased up to 1-1.5%, depending on EGR ratio. The maximum net efficiency of the NGCC-CCS under investigation thereby rises to 50.5% (LHV), for an EGR ratio equal to 0.3, with an equivalent 8.7% of efficiency penalty compared to the NGCC without CO2 removal.
Conclusions
This paper analyses the recovery of low-grade heat from CO2-capture processes for natural gas combined cycles by using Organic Rankine Cycle (ORC) technology. Potential waste-heat sources are identified and most appropriate ORC system layouts are discussed. Under the assumption that NButane is identified as the more suitable ORC working fluid, and low-grade heat sources are utilized in parallel in a single ORC loop, the net power generated by the ORC system is maximum at about 10.5 bar maximum operating pressure. The maximum net power generated by the ORC system under investigation is slightly higher than 2.5% of reference NGCC-CCS power, with a ORC efficiency equal to 11.0%. Globally an overall power plant net efficiency improvement of more than one percentage point is estimated introducing an ORC. An additional increase of 1% in the efficiency can be gained introducing Exhaust Gas Recirculation (EGR). As a consequence the maximum net efficiency of the reference NGCC-CCS could thereby rise to 50.5 % (LHV), for an EGR ratio equal to 0.3, with an equivalent 8.7 percentage points of efficiency penalty compared to the NGCC without CO2 removal. 
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